Abstract -This paper presents estimation of d-axis and q-axis inductance of an interior permanent magnet synchronous motor (IPMSM) by using an extended Kalman filter (EKF). The EKF is widely used for control applications including the motor sensorless control and parameter estimation. The motor parameters can be changed by temperature and air-gap flux. In particular, the variation of the inductance affects torque characteristics like the maximum torque per ampere (MTPA) control. Therefore, by estimating the parameters, it is possible to improve the torque characteristics of the motor. The performance of the proposed estimator is verified by simulations and experimental results based on an 11kW PMSM drive system.
Introduction
Permanent magnet synchronous motors (PMSMs) have high efficiency because there is no field winding in the rotor for the generation of the magnetic flux. Also they have better high power density and fast transient response than a dc motor and induction motor. Because of this characteristic of PMSMs, it is widely used in general industrial fields, especially in high-performance motor control applications. PMSMs can be classified into surfacemounted permanent magnet synchronous motors (SPMSMs) and interior perma-nent magnet synchronous motors (IPMSMs), depending on the arrangement of the permanent magnet. Since the IPMSM has magnet mounted inside the rotor, it is mecha-nically strong and beneficial for high-speed operation compared with the SPMSM. The inductance difference between d-axis and q-axis of the IPMSM is generated by the location of the mounted permanent magnet. The difference of inductance causes the additional torque called the reluctance torque. For this reason, the torque characteristic and control method of the IPMSM is different from the SPMSM. Therefore, various control methods to take an advantage of the IPMSM have been proposed [1] [2] [3] .
To improve the torque characteristic of the IPMSM in the constant torque region, the maximum torque per ampere (MTPA) control has been introduced. There are many stator current vectors that generate the constant torque. Among these current vectors, the current of the minimum magnitude is called the MTPA current. The angle of the current vector is changed with the parameter variation because the angle of the minimum current vector relates to d-axis and q-axis inductance. Unfortunately, the stator resistance, inductance and magnet flux are sensitive to the variation of temperature [1] [2] [3] [4] . Variation of d-axis and q-axis inductance can decrease effectiveness of the MTPA control and current controller. It means that accurate information of d-axis and q-axis inductance by on-line parameter estimation is necessary to improve motor drives.
Several on-line parameter estimations such as the extended Kalman filter (EKF), recursive least square (RLS), and model reference adaptive system (MRAS) have been proposed [5] [6] [7] [8] [9] [10] . Among them, the extended Kalman filter is the most effective estimator in terms of the leastsquare for estimating the states of nonlinear systems, which is very appropriate for implementation in systems with sensors affected by noise. It processes all the available measure-ments regardless of their accuracy, to provide fast and precise estimation of the target variables, and also accomplish a quick convergence. Moreover, the EKF serves to be appropriate for the state estimation of a PMSM. It appears to be a viable and computationally efficient option for the on-line estimation of the speed, rotor position and parameters. This is feasible because a mathematical model, which describing the motor dynamics is very well known. The terminal quantities like voltages and currents can be measured easily and are appropriate for the determination of the parameters of the machine in an indirect way [7] [8] [9] [10] [11] [12] [13] .
In this paper, the extended Kalman filter (EKF) based on an on-line identification method is proposed to estimate daxis and q-axis inductances of the IPMSM. This paper is organized as follows. Firstly, the mathematical model of the IPMSM and MTPA control methods are reviewed briefly. Secondly, the process of a nonlinear system of the IPMSM applied to the EKF is presented. Finally, the simulation and experimental results show the validity of the estimator.
Mathematical Model of IPMSM
and MTPA Control
Mathematical model of IPMSM
The three different coordinate systems of IPMSMs are shown in Fig. 1 .
Each coordinate transformation is expressed as:
The voltage equation of an IPMSM in the stationary reference frame for an analysis of the stator current is defined as follows: The voltage equation in synchronous reference frame can be obtained by
where r ω is the rotor speed in the electric angle.
Torque characteristic and MTPA control
The magnetic path of an IPMSM is different from that of an SPMSM since the relative permeability of a permanent magnet is nearly equal to the air. This characteristic causes an effect which produces an air-gap on the d-axis.
Because the permanent magnets of the SPMSM are attached to the rotor surface, d-axis inductance is equal to q-axis inductance. Otherwise, in the IPMSM, d-axis inductance is different from q-axis inductance depending on the position of permanent magnets. As shown in Fig. 2 , the qaxis inductance is larger than the d-axis inductance because permanent magnets are on the d-axis path where the magnetic flux occurs. The reluctance torque is generated by magnetic saliency from the difference of inductance. Accordingly, the generated torque of the IPMSM consists of the magnetic torque and the reluctance torque as follows [1, 4] :
where P is the number of poles. In (5), there are many pairs of d-axis and q-axis reference currents that generate the same torque. When the reference current is given as the stator current, the torque can be derived as (6) . In such a case, the reference d-and q-axis currents are generated by the angle of the stator current.
where θ is the stator current angle in the synchronous reference frame, and I s is the stator current vector. For this reason, there is the minimum stator current that generate the same torque. By operating at the minimum current, maximum torque per ampere (MTPA) is possible.
The constant torque locus on the current plane in the synchronous reference frame is shown in Fig. 3 . This figure shows that the MTPA operating point is the nearest point from the origin to the constant torque locus on the current plane. Therefore, the differentiation of the torque with respect to the current angle in the synchronous reference frame, / e T θ ∂ ∂ should be zero at the MTPA point given as follows [ 
From (7), the current angle of the MTPA control can be derived as
By using this angle of the MTPA control, effective daxis and q-axis reference currents can be expressed as cos , sin
As shown in (8), d-axis and q-axis inductance contribute to the angle of the MTPA control. It means that variation of inductance will not be able to find the optimal MTPA point. For efficient motor drives, the d-axis and q-axis should be estimated.
Extended Kalman Filter for Parameter Estimation
An EKF has been used for wide applications in drive control and parameter estimation. In addition, the EKF is useful for a PMSM because it has high-performance in the noisy condition and wide speed control range. Thus, it is often used to acquire the angular speed from noisy mechanical measurements, estimate the rotor position in a mechanical sensorless control application and distinguish the machine parameters. In this section, the latter application for an IPMSM will be given a special attention. The proposed EKF provides estimated d-axis and q-axis inductance [7, 8] .
IPMSM identification model
Eq. (4) can be redefined as follows
The system model should be in the form of the state equation to be used in the EKF. The state equations can be expressed as follows The system matrices f(x(t)), G and H are defined as: 
Fig . 3 . Constant torque locus and minimum stator current vector
The prediction of the state covariance requires the online computation of the Jocobian matrix F, defined as (14).
Extended kalman filter
The overall structure of the EKF algorithm consists of two steps called the prediction step and innovation step. The first step performs a prediction of both quantities based on the previous estimates
x and the mean voltage <v k-1 > actually induced to the system in the period from t k-1 to t k . The next step corrects the predicted state estimate and its covariance matrix using a feedback correction scheme that receives the measured motor currents [11] .
The common EKF algorithm is expressed following two stages:
1) Prediction step
For the on-line application of the Kalman filter, time constraints are crucial; where most of the matrices hold numerous null elements, all the calculations have been made explicitly, reducing computational time.
A critical step in the design of the Kalman filters is the choice of the initial values for the covariance matrices Q and R as they influence the performance, convergence and stability. The matrix Q is related to the system noise. The rise in the value of the elements of Q will likewise raise the Kalman gain, resulting in quicker filter dynamics but with worse the steady-state performance. On the other hand, the matrix R is related to the measurement noise. Increasing the values of the elements of R will assume that the current measurements are largely influenced by noise and thus less dependable. Therefore, the Kalman gain will decrease, yielding worse transient response. The diagonal initial state covariance matrix P 0 represents variances or mean-squared errors with regard to the initial condition. Varying P 0 yields the different amplitude of the transient, while both transient duration and steady state conditions will be unchanged [12, 13] .
In this paper, the initial values of covariance matrix P 0 and system matrix Q and R have been chosen with a trialand-error procedure to get the best tradeoff between filter stability and convergence time [8] . As the value of Q increases, Kalman gain also increases, which causes variation of estimation values. Likewise, EKF is strongly affected by measurement noise as R increases. P 0 is selected based on [8] because it is nothing to do with steady-state condition. In conclusion, to obtain the high performance of proposed EKF, matrices are chosen as follows 
Simulation and Experimental Results

Simulation results
The proposed estimation method was demonstrated by using the PSIM software. The overall system operation is shown in Fig. 4 . The current control and speed control are included in the drive system. Estimated inductances by the EKF are used for the current controller to calculate the gain of the current controller.
The simulation studies were operated for the 11kW Fig. 4 . Configuration of the IPMSM drive system with parameter estimation IPMSM system. Switching frequency and sampling period T s are 10kHz and 100 s μ respectively. The simulation was performed in two different conditions of speed at 500 rpm and 1000 rpm. Also, estimated results are confirmed according to the initial inductance value. Initial inductance values were set as 0.5L and 2L. The whole system parameters are given as Table 1 . Fig. 5 shows the results of parameter estimation with speed variation. The good performance of estimation can be confirmed for both 500rpm and 1000rpm. Also, the fast response to step change of speed can be seen through the estimated value.
Results of estimated value according to the initial value of inductance can be seen in Figs. 6 and 7. When starting the operation of motor, initial inductance values are applied to the motor drive. After 0.3s, the EKF starts to estimate parameters used to calculate the gain of the current controller. The estimated values arrive at the steady-state in a very short time within 0.1s, and results show an accurate value. The estimated results show a consistent value with the inductance initial value. Indeed, estimated parameters are the same for the different speed conditions at 500 rpm and 1000 rpm.
Generally, EKF is very appropriate for implementation in systems with sensors affected by noise that is the biggest reason why EKF is used for parameter estimation. To confirm this characteristic for proposed EKF, we tried to compare the EKF and RLS algorithm as shown in Fig. 8 . After 0.5s, noise signal is injected to 3-phase current. It can be seen that proposed EKF is not sensitive to noise signal while estimated d-axis inductance from the RLS algorithm is affected by noise signal.
Experimental results
In order to verify the proposed EKF algorithm, experiments were carried out by using the 11kW IPMSM and TMS320F28335 DSP controller as shown in Fig. 9 . Both simulation and experimental results can see that the convergence time of d-axis inductance is longer than q-axis inductance. This is related to the configuration of the initial matrix value of the EKF. Fig. 12 shows the performance of parameter estimation when the rotor speed changes from 500rpm to 1000rpm. Fig. 12(a) shows the estimated d-axis inductance that has very small estimation error and it represents the stable response. Moreover, estimated q-axis inductance is more stable than d-axis inductance as shown in Fig. 12(b) . For this reason, the performance of the proposed EKF is not sensitive to variable speed.
Also, when the full step load torque is applied to the system, the performance of estimation is maintained and it is presented in Fig. 13 . It can be seen from these experimental results that the parameter estimation of the proposed EKF is implemented well regardless of the speed change and variable load torque. From all of the simulation and experiment results, estimation error rate were within 5 percent. In addition, compared with other method, EKF has high-performance estimation accuracy [7] .
Figs. 14 and 15 show the MTPA operation with parameter estimation using proposed EKF. To clearly verify the effect of the parameter estimation in the MTPA operation, the difference of the initial inductance value is set to be large that is 10mH and 20mH respectively. Through the parameter estimation during the MTPA operation, it can be seen that the minimum stator current I s can be obtained that generate the same torque. Fig. 14(a) shows the d-and q-axes currents and torque during the MTPA operation when the load torque 40% (24 Nm) is applied, while Fig. 14(b) shows the waveform of the changed value of inductance through the parameter estimation at the same time. Since the difference of the initial inductance is large which leads to a large stator current vector angle MTPA θ , it can be seen that a large amount of d-axis current has been flowing. As the parameter estimation is applied, while the torque is at the constant state, the d-axis current decreases while the q-axis current increases but very slightly that it looks almost constant. Hence, because the total stator current value changes from 10.12 A to 10.02 A, which is a decrease of about 0.1 A, it can be known that the minimum current is used to operate. Fig. 15 is the experimental result when the load torque is increased by 80% (48Nm). Similarly, when the parameter estimation is applied, it can be verified that the d-axis is decreased and the q-axis is increased. The total stator current decreased from 19.68 A to 19.15 A, which is about 0.53 A. As the current increases, the MTPA effect increases even more. From the experimental result, the necessity of the parameter estimation for the MTPA operation is verified.
Conclusion
This paper proposes a parameter estimation method of the IPMSM using the EKF algorithm. By estimating d-axis and q-axis inductances, it will be able to improve torque characteristic and performance of the controller. Therefore, it will assure the efficient motor drive even if parameters are changed. The validity of the proposed method was demonstrated by simulation and experimental results for various speed and step load torque.
